Prenatal genetic diagnosis provides information for pregnancy and perinatal decision-making and management. In several small series, prenatal whole exome sequencing (WES) approaches have identified genetic diagnoses when conventional tests (karyotype and microarray) were not diagnostic. Here, we review published prenatal WES studies and recent conference abstracts. Thirty-one studies were identified, with diagnostic rates in series of five or more fetuses varying between 6.2% and 80%. Differences in inclusion criteria and trio versus singleton approaches to sequencing largely account for the wide range of diagnostic rates. The data suggest that diagnostic yields will be greater in fetuses with multiple anomalies or in cases preselected following genetic review.
INTRODUCTION
Fetal abnormalities are identified in 2%-5% of pregnancies and are responsible for 20% of perinatal deaths. [1] [2] [3] [4] Pregnancy outcome and prognosis vary according to the types of abnormalities detected, whether they are isolated or multiple and what the genetic aetiology may be. Currently, prenatal testing strategies include quantitative fluorescence polymerase chain reaction and fluorescence in situ hybridisation for rapid aneuploidy testing, G-banded karyotyping and chromosomal microarray analysis (CMA) for detection of copy number variation. These cytogenetic tests are limited by their resolution. Quantitative fluorescence polymerase chain reaction demonstrates trisomy in around 30% of dysmorphic fetuses, and karyotyping identifies pathogenic unbalanced chromosomal rearrangements in a further 5%. CMA finds additional pathogenic copy number variants in 3% to 6.5% of structurally abnormal fetuses with normal karyotypes. 5, 6 Using these tests in combination, an underlying genetic aetiology can be identified in up to 40% of dysmorphic fetuses, still leaving the majority of cases undiagnosed.
Next generation whole exome sequencing (WES) and whole genome sequencing (WGS) provide much greater resolution, down to the single base-pair level. For WGS, the genome (coding and non-coding regions) is sequenced without prior selection, whereas for WES, currently the more commonly used method for diagnostic applications, DNA regions containing the protein-coding exons, which make up 1% to 2% of the genome, but contain >85% of all disease-causing mutations, are first selectively captured before sequencing. In postnatal testing, WES studies have demonstrated a diagnostic yield of 25% to 30% in patients suspected to have a genetic condition undiagnosed using established methods. 7, 8 Prior to the adoption of next generation sequencing (NGS) techniques in prenatal diagnostics, the ability to accurately diagnose point mutations or small copy number changes in fetuses has been limited to a small number of genetic diseases with recognisable fetal phenotypes. 9 Many monogenic disorders present prenatally with abnormalities detected by sonography and are likely to account for a significant proportion of cases undiagnosed using cytogenetic techniques, many of which may be detectable using WES. 10 If a specific phenotype is known that suggests particular sets of monogenic disorders, more focused targeted gene panels, rather than WES, can be used. However, their prenatal application is limited by the more incomplete phenotypic ascertainment and because most were designed for postnatal use for phenotypes not all of which may present prenatally. Prenatal testing to inform ongoing pregnancy management requires a rapid turnaround time as has been shown in the postnatal setting where WES and WGS have been successfully adopted for very rapid emergency genetic diagnoses on paediatric and neonatal intensive care units. 11 Here, we review the literature on prenatal WES for diagnosis of structurally abnormal fetuses. We discuss the promises and challenges of prenatal WES, and issues that must be considered before prenatal WES could become widely implemented. We also discuss future directions for prenatal genetic testing.
EXISTING PRENATAL WES STUDIES
A review of the literature using the PubMed tool was undertaken searching articles that reported WES or WGS on prenatal samples. A manual search for additional unpublished abstracts from prenatal and genetics conferences of relevant major societies was performed for the past 3 years (2014 up to May 2017). These included the American College of Medical Genetics and Genomics (ACMG), American Society of Human Genetics (ASHG), British Society of Genetic Medicine (BSGM), European Society of Human Genetics (ESHG), International Society for Prenatal Diagnosis (ISPD) and the Society for Maternal-Fetal Medicine (SMFM). The following keywords were used for the literature search: 'prenatal', 'fetal', 'whole exome sequencing' and 'whole genome sequencing'. Publications were included if they described genetic testing with WES or WGS on prenatal samples for fetal anomalies, either for ongoing pregnancies or termination of pregnancy. They were included only if they were in English, published between 2012 and 2017, studied humans and available in full text.
The literature search identified 205 articles. Titles and abstracts were examined, and 14 articles were included in this paper either as single case reports or larger case series. In addition, seventeen conference abstracts containing relevant data unpublished in the included articles were identified. The most recent abstract was selected when the same research was presented more than once. Table 1 includes details of all series of at least five cases, with further information about all individual cases and series provided in the Supporting Information Table S1 .
Ten of the 31 reports describe single cases [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] and there were five small series of two to four cases. [82] [83] [84] [85] [86] The larger studies of five or more cases present a range of inclusion criteria including termination of pregnancy or fetal demise with fetal anomalies, euploid fetuses with structural anomalies on ultrasound, increased nuchal translucency (NT) >3.5 mm, single or multiple fetal anomalies (Table 1) . A confounder in calculating the diagnostic rate is whether proband-only WES is performed, or trio WES, which has a reported higher diagnostic rate, both prenatally 22 and in children. 23 Nearly half At the other end of the spectrum, the study 30 with the highest diagnostic rate of 80% tested five trios with very strict entry criteria that included parental consanguinity, loss of heterozygosity on single nucleotide polymorphism array and fetal features highly suggestive of a syndrome for which multiple causative genes are known. All diagnostic rates that were 50% or greater were reported in smaller series of 15 or fewer cases 12, 18, 19, 30, 37 where the inclusion criteria were unclear but likely to be highly selected for multiple anomalies. The wide diagnostic rates revealed by these studies highlight the importance of considering a priori risk for single gene disorders, performing prior conventional testing and targeting trios before selecting patients for prenatal WES.
PROMISES Diagnosis, informed decision-making and genetic counselling
Results interpretation in the genomic era requires a multidisciplinary team approach comprising clinical scientists, clinical geneticists, genetic counsellors and specifically for prenatal diagnosis, fetal medicine specialists expert in prenatal dysmorphology. When fetal anomalies are detected, accurate prenatal diagnosis is valuable to provide information for reproductive decision-making, including pregnancy and perinatal management options. 39 Prenatal genetic diagnosis from a single comprehensive test can prevent the diagnostic odyssey that frequently occurs postnatally, potentially reducing the costs of serial testing, including molecular, imaging and other pathological investigations, some of which may be invasive, such as biopsies. An alternative option to prenatal WES is postnatal 'critical trio WES', which often happens in cases where 
Treatment
Prenatal diagnosis can reduce morbidity and mortality by guiding delivery plans and early treatment for fetuses with some genetic abnormalities. For example, pyruvate dehydrogenase deficiency, an inborn error of metabolism, can present during pregnancy with fetal brain abnormalities such as ventriculomegaly and brain dysgenesis. 23, [39] [40] [41] In this situation, diagnosis following prenatal WES could guide immediate postnatal treatment with management of acidosis and early introduction of a ketogenic diet with thiamine supplementation, 42, 43 resulting in an improved long-term outcome. Furthermore, WES may be useful in situations where in utero fetal therapy is being considered. For example, fetal endotracheal occlusion may improve outcome for fetuses with congenital diaphragmatic hernia. However, genetic syndromes are relatively common in fetuses with congenital diaphragmatic hernia, not all of which will have additional sonographic findings to guide testing. 44 Similarly, in utero surgery for cardiac anomalies including hypoplastic left heart syndrome 45 is also now possible, but in Europe, nearly 20% of babies born with a heart anomaly had recognisable genetic syndromes. 46 Prenatal WES would offer additional and accurate prognostic information for selecting those patients for whom the risk-benefit balance is the most favourable for these invasive fetal procedures.
Identification of molecular genetic diagnoses prenatally may facilitate targeted therapy, with potential to improve the clinical outcome for the child. For example, postnatal mesenchymal stem cell transplantation in children with osteogenesis imperfecta (OI) increased skeletal mineralisation and growth velocity. Subsequently, in utero therapy for two fetuses diagnosed with OI has demonstrated a reduction in expected fractures and their sequelae. 47 A pan-European study plans to treat 15 fetuses with suspected OI in utero in the Boost Brittle Bones Before Birth (BOOSTB4) study to further investigate safety before embarking on a larger scale trial.
Expanding prenatal phenotypes and improving understanding of human fetal development
Prenatal WES studies have been successful in identifying previously unrecognised prenatal phenotypes associated with known Mendelian disease genes, and in identifying novel candidate genes for human developmental disorders. For example, using WES to investigate fetuses from noncontinuing pregnancies with sonographic abnormalities, a pathogenic variant in KCTD1 causative of scalp ear nipple syndrome was identified in a terminated fetus with skin sloughing and hypoplastic nails noted on post-mortem examination. 27 Prenatal findings included anhydramnios and a complex heart defect; anomalies of the kidneys and heart defects have been reported previously only in postnatally diagnosed cases. A de novo truncating mutation in the MAP4K4 gene was also found in a fetus with a complex cardiac defect, identifying a possible novel candidate gene for a human developmental disorder given its essential role in embryonic cardiac developmental in mouse models. Prenatal WES and WGS studies also have the potential to improve understanding of lethal genetic disorders presenting 
Secondary and incidental findings
Secondary findings are genetic variants, unrelated to the primary presentation, which may be reported if they are deemed medically actionable. For postnatal WES, the ACMG recommends that clinical laboratories actively seek out and report known and likely pathogenic variants in 59 genes, which largely predispose to cancer and cardiac disease 52 and will be found in about 1% of the population. 53 ,54 ACMG guidance suggests that counselling regarding secondary findings should be included during pre-test counselling, with an opt-out option, but elsewhere practice is determined on an individual study basis. Professional guidelines have been issued regarding predictive testing in children, with most recommending that unless testing has current medical benefit, it should be deferred until a child is old enough to make her/his own decision. 55, 56 However, recent ASHG guidance suggests that in some families predispositional testing for juniors may be reasonable, and these requests should be discussed individually. 57 These guidelines provide a useful basis for consideration of testing for secondary findings in the prenatal period. Incidental findings are observations or results of potential clinical significance that are unexpectedly discovered and are unrelated to the purpose of the test. 58 Trio WES and WGS could also reveal unforeseen issues such as non-paternity or parental consanguinity. The chances of identifying incidental findings can be reduced by applying phenotype-specific gene panels or targeted interpretation of sequence data. If NGS approaches are integrated into mainstream prenatal services, guidelines on reporting of incidental findings will be essential and should encompass the consent procedure. These could be in keeping with current ACMG guidelines on reporting in the postnatal setting, 53 on which there are high levels of concordance amongst specialists. 59 
Interpretation of variants
Variants of uncertain significance are those for which pathogenicity is unclear. When reported to patients, they can cause significant anxiety and make decision-making challenging. There is currently no fetal variant database equivalent to postnatal databases like ClinVar 60 or the Human Gene Mutation Database, 61 and there is no organised process for prenatal providers to determine the pathogenicity of genomic variants. Instead, providers rely on individual laboratory reports, which have high inter-rater variability 62 or on individual literature searches, which can be cumbersome, time-consuming and limited in scope. Given the increasing calls to pursue WES/WGS for genetic diagnosis of fetal congenital anomalies and the paucity for most genes of systemically classified variants associated with specific fetal phenotypes, there is strong scientific premise and an urgent unmet need for a formal curation procedure for prenatal genomic variants. This should ideally be combined with the development of an international registry of the fetal phenotypes associated with (or caused by) these variants.
Fetal phenotyping
One of the major practical challenges of prenatal WES or WGS is the potential long turnaround time for these tests. Although detection of severe or lethal congenital disorders is becoming more frequent earlier in pregnancy as a result of first trimester scanning to measure NT and perform Down syndrome screening, 63, 64 most structural fetal anomalies are detected at the mid-pregnancy ultrasound scan between 18 and 22 weeks gestational age. This means that genetic testing must be completed quickly to inform decision-making during a pregnancy, requiring the DNA sequencing and data interpretation pipeline to be fast. 32 Rapid turnaround of results from WES during ongoing pregnancies has been reported in one small study demonstrating a 50% diagnosis rate and turnaround time of 3 weeks. 26 Use of an analytical pipeline targeting gene panels specific to particular fetal abnormalities may also facilitate a faster turnaround time and reduce detection of incidental findings. For this to be achieved, phenotypes must be specific and well defined, which is particularly challenging prenatally. Hence, practically, WES may currently be the most efficient mechanism to achieve rapid diagnoses. As understanding of variants grows, it is possible that WES could help inform contents of future targeted gene panels. However, this will have to be weighed against parallel improvements in WES annotation. Despite progress in prenatal ultrasound and magnetic resonance imaging, difficulties in fetal phenotyping make prenatal genotype-phenotype correlation more challenging than postnatal. The skill level of practitioners performing ultrasound can vary greatly and may cause both over-and under-diagnosing of fetal structural abnormalities. For these reasons, great caution must be exercised in interpreting variants not previously reported to avoid over-interpretation of potentially normal variants. In addition, subtle dysmorphic features of many monogenic disorders cannot be determined using fetal ultrasound. Furthermore, variable presentations of fetal disorders, incomplete penetrance and appearance of ultrasound abnormalities only at late gestational ages can complicate interpretation. Some phenotypes are impossible to determine from prenatal imaging, such as developmental delay and intellectual disability. Therefore, it is harder to identify the most appropriate candidate genes or apply the correct gene panels when that phenotypic detail is not available. When pregnancies are ended, postnatal examination by experts in dysmorphology and fetal autopsy at post-mortem can be very useful to refine the phenotype and target genes for investigation more specifically. 27 
PRACTICAL PROBLEMS IN WES
WES is challenged by the incomplete coverage of relevant genes, which may compromise the interpretation of exome sequences. The limited timeframe required for prenatal diagnostic reporting means that extending coverage of candidate genes by alternative methods of sequencing is not always feasible. Although depth of coverage from exome sequencing is likely to improve, some regions of the genome are practically difficult to capture, for example, because of repetitive sequences and high GC content. 65 Genes within families of highly homologous genes or those that have a pseudogene are also difficult to sequence. The emphasis of NGS strategies in fetal diagnostics has been on WES rather than WGS to date. This relates to its lower costs, need for greater speed and ease in data handling due to our limited ability to interpret intronic variants. However, WES is not currently able to reliably detect all types of genetic variation such as copy number changes, low level mosaicism, aneuploidy, structural chromosome rearrangements or trinucleotide repeat expansions and cannot detect variants in non-coding regions. Therefore, conventional testing options such as microarrays should still be considered in parallel to prenatal WES, especially when there is a clinical suspicion for known prenatal presentations of genetic syndromes.
IMPLEMENTATION Guidelines
The ACMG recommends that WES be considered when specific genetic tests for a phenotype fail to determine a diagnosis in a fetus with multiple anomalies suggestive of a genetic disorder. 66 The American College of Obstetrics and Gynecology does not recommend the routine use of WES but states that if considered it should be ordered after consultation with a clinical geneticist because of the complexity of analysis. 67 The Joint UK Committee on Genomics in Medicine is currently conducting 'new genomic technologies in pregnancy' workshops as a follow on to their 'recommendations for the use of CMA in pregnancy'. 68 The outcome of these workshops is awaiting publication and dissemination.
Costs
The cost effectiveness of prenatal WES has not been formally evaluated. A useful comparison from the postnatal setting includes a budget impact model comparing WES with traditional care pathways in the investigation of children with neurodevelopmental disorders of unknown genetic aetiology. 69 They compared traditional care pathways with those incorporating WES, using an average cost of exome sequencing of $2439. Using WES, after normal CMA and fragile X testing gave a cost saving of $1.33 million for a planned size of one million cases. In the prenatal setting, trio WES is likely to be required in most situations to deliver the fast turnaround times required for results to be useful in informing pregnancy management, further increasing the costs. Additional costs generated from WES studies must also be considered. Despite dramatic decreases in costs of generating DNA sequences, the costs of variant interpretation are unlikely to fall as quickly given the manpower required. 70 The infrastructure requirements to store and utilise genomic sequence findings are significant. 71 Identification of secondary findings requires initiation of confirmatory tests, targeted treatments and follow-up screening. Implementation of reinterpretation or re-analysis of previously studied data stored from proband or trio samples in light of emerging reclassified or newly identified variants will require strategies with associated costs that have yet to be addressed. Lastly, the cost for more in-depth genetic counselling by trained genetic counsellors, clinical geneticists and maternal fetal medicine and other relevant specialists with genetic expertise, all of which are in short supply in many parts of the world, should also be taken into account.
Societal and ethical issues
Ethical issues surrounding prenatal WES have been reviewed extensively. 72 The identification of genetic findings before birth denies the child of their autonomy to decide whether they wish to know this information. 73 Based on genetic information, parents may choose to terminate pregnancies for reasons that some find inappropriate or objectionable or may treat and raise children differently once they are born. This may present a significant psychological burden to both parents and children. 57 However, for some families and conditions, not knowing the cause of abnormalities during pregnancy could present an equally significant burden, so these two scenarios must be weighed up carefully for each family. Further debate is required to determine whether withholding information regarding disease predisposition in the prenatal setting is required.
Patient and provider attitudes
A survey of 186 expectant parents in the United States found that 83% thought that WES should be offered in the prenatal setting. 74 An in-depth study assessing perspectives of 15 women with non-continuing anomalous pregnancies found that women in the highest socio-economic group had significantly higher pre-test genomic knowledge than their lower income counterparts. 27 They also found that women had high hopes and expectations of WES, despite having been advised that the diagnostic yield was approximately 30%. This suggests that highly tailored genetic counselling or extra decision aids may be useful to improve patient understanding of sequencing. Focus groups in the UK have explored views on prenatal WES from clinicians, scientists, genetic counsellors and patients. 75 Participants representing patient groups/charities expressed the view that women undergoing prenatal WES would want to be told all possible information, in contrast to clinicians who were more cautious about disclosure of incidental or uncertain findings. Patient representative groups also would want reinterpretation of results over time, whilst clinicians felt that interpretation should be performed at the point of testing only. A survey undertaken by 1114 members of the American College of Obstetrics and Gynecology about the ethical issues surrounding prenatal WGS and their preparedness for counselling patients on its use revealed undercurrents of concern regarding this new technology. 76 The obstetricians/gynaecologists were most concerned that ordering an expansive test could lead to overtreatment, higher cost of care and may increase parental anxiety. They were more worried about receiving genomic results that could reveal non-medical traits such as musical ability or height, or learning disability, than results for diseases that often cause infant death. Given the complexities in counselling, the study emphasised the importance of extensive health profession education before prenatal WGS could be integrated into clinical care, including support from and collaboration with genetic counsellors.
THE FUTURE
Emphasis may switch from prenatal WES approaches towards WGS as the costs of sequencing fall, and bioinformatic and analytic capabilities improve. This will improve diagnostic capabilities because of improved ability to detect a wider range of genomic abnormalities, including non-coding variants, copy number changes and larger rearrangements. However, this will also increase the challenges posed by identification of incidental findings. The use of cell-free DNA testing in aneuploidy screening and non-invasive prenatal diagnosis for a growing number of monogenic disorders is transforming prenatal diagnosis.
Non-invasive prenatal diagnosis is already in routine use in the UK using NGS approaches in families at high risk of a genetic disorder, allowing around 30% of all molecular prenatal diagnosis to be performed using this safer approach. 77 Furthermore, proof-of-principle studies have shown that it is technically feasible to sequence the entire fetal genome using cell-free fetal DNA, although this is not yet achievable in a timely or cost effective way. 78, 79 Genomewide sequencing of cell-free fetal DNA is challenged by incomplete coverage. This may result in high cumulative false positive rates, leading to unnecessary diagnostic procedures, and high false negative rates, resulting in missed genetic diagnoses and false reassurance to providers and parents. 80 However, as WES and WGS become more refined and costs fall, it may provide earlier diagnosis, reduce the need for invasive testing with the associated risk of miscarriage and detect Mendelian disorders in families who would not otherwise have been offered prenatal testing. 81 Non-invasive fetal WGS could also augment or replace current approaches to newborn screening, facilitating earlier diagnosis of a wider range of conditions. This could improve prenatal care, pregnancy and delivery management and/or postnatal intervention.
CONCLUSION
In this review, we have explored the potential for improved prenatal diagnosis using WES, and the opportunity for improved understanding of prenatal genetic disorders.
Although there is relatively little data available, most of which is highly selected, it is clear that WES improves prenatal diagnosis in euploid fetuses with abnormal ultrasound findings. However, the diverse range of diagnoses made limits the generalisability of conclusions about diagnostic success rates from prenatal WES approaches. The data presented here suggest that diagnostic yields will be greater in fetuses with multiple anomalies or in cases preselected following genetic review, but we must await publication of larger cohorts of prenatal cases to determine in which subgroups WES may have the greatest clinical utility. This technology offered in the prenatal setting comes with many challenges, including practical, ethical and economic issues. Further research is required to improve the evidence base of what is technically possible and what is clinically beneficial before WES could become part of routine prenatal testing. What is clear is that implementation must be accompanied by health professional education to enable better access to the expert genetic counselling that will be required both before and after testing.
WHAT'S ALREADY KNOWN ABOUT THIS TOPIC?
• Using established cytogenetic and molecular techniques, prenatal genetic diagnosis is only possible in around 40% of dysmorphic fetuses.
• Several small prenatal whole exome sequencing (WES) studies have successfully identified genetic diagnoses in fetuses with structural abnormalities when standard genetic testing was not diagnostic.
• Although WES improves detection of clinically important variants, it also increases detection of incidental findings and variants of uncertain significance, which makes interpretation and counselling challenging.
WHAT DOES THIS STUDY ADD?
• Our literature review identified a wide range of diagnosis rates, varying with inclusion criteria.
• Prenatal WES improves diagnostic rates and understanding of genetic disorders in the prenatal period.
• We discuss the challenges of prenatal WES including difficulties of fetal phenotyping, counselling and practical issues such as turnaround time, variant interpretation and cost.
• We highlight the ethical, social and economic factors requiring consideration before widespread implementation of prenatal WES.
